HASTER  COPT 


KEEP  THIS  COPT  FOR  REPRODOCTIOH  PURPOSES 


AD-A275  956  JmJntation  page 


form  Afipro¥*d 
OMB’no  070^-0188 


t.  AUTHO<i(S) 

Kang  L.  Wang 


On  ntimsioO  to  ahotao#  i  nour  oe*  '^%OOnse.  >nctuO<n9  the  iifno  lor  imlrurttons.  vPAtchinq  eai^tinq  tour<^. 

■etinq  ino  re«iew<n^  Ittn  vOfi«ct»on  ot  mtormaiton  Send  comments  thi%  burden  e^tim^ie  or  ^nv  other  Moect  of  tn>» 

hjiin^  thn  burden  to  Weihtn^ton  Heeddu^rten  Servim.  Direciorete  for  mformetion  Ooereiton^  ^r^  Reoort%.  W  iS  ietferv>n 
end  to  the  Office  o*  Mer\«9emer«t  end  Budqet.  Pepernrork  deduction  Protect  (0  /Qd-O  tM).  WeV^m^ton  OC  ^OSO 1 


2.  REPORT  DATE 


3.  REPORT  TYPE  AND  DATES  CDVERED 

Final  25  Jul  92-2A  Jan  93 


S.  FUNDING  NUMBERS 


DAAL03-92-G-0373 


7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADORE  SS(ES) 


University  of  California 
Los  Angeles,  CA  90024-1594 


ELECTE 
FEB  2  4 1994 


9.  SPONSORING /MONITORING  AGENCY  NAME(S)  AND  ADDRESSfES) 

U.S.  Army  Research  Office 
P.O.  Box  12211 

Research  Triangle  Park,  NC  27709-2211 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


10:  SPONSORING  /  MONITORING 
JfGENCY  REPORT  NUMBER 

ARO  30760. 1-EL-CF 


11.  SUPPLEMENTARY  NOTES 

The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the 
authorCs)  and  should  not  be  construed  as  an  official  Department  of  the  Army 
position,  policy,  or  decision,  unless  so  designated  by  other  documentation. 


12a.  DISTRIBUTION /AVAILABILITY  STATEMENT  12b.  DISTRIBUTION  CODE 

Approved  for  public  release;  distribution  unlimited. 


13.  abstract  {Maximum  200  wonii) 

The  first  workshop  on  nanostructures  for  optoelectronics  was  held 
as  scheduled.  The  abstracts  are  contained  in  the  final  report. 


94-05984 


14.  SUBJECT  TERMS 

Nanostructures,  Optoelectronics, 

Workshop 

15.  NUMBER  OF  PAGES 

16.  PRICE  CODE 

17.  SECURITY  CLASSIFICATION 

18.  SECURITY  aASSIFICATION 

19.  SECURITY  CLASSIFICATION 

20.  LIMITATION  OF  ABSTRACT 

OF  REPORT 

OF  THIS  PAGE 

OF  ABSTRACT 

unclassified 

UNCLASSIFIED 

UNCLASSIFIED 

UL 

Sl|g^40^280  55(^ 


f.-j  O 


"5  f  ^  1 

/..y  JL 


Standard  Form  298  (Rev  2-89) 

Pr^TibPd  bv  amsi  Std  /W*»8 


Best 

Available 

Copy 


FIRST  WORKSHOP  ON  NANOSTRUCTURES 
FOR  OPTOELECTRONICS 


JA^ST'^PJACT'S  &  T'ROQPJAM 


Acce'.ion  For 
NT/S 

DTI"  TA-: 

U:.j: 

JoStif -CcillCl'i 


By . 

Diit.ibi.’tfon  / 

AvailaUiiitv 

ui,.:yr  j 

cia!  f 


Oist 


AVali  c 

Spe 


August  13-15,  1992 
Griffin  Commons,  Sunset  Village 
University  of  California,  Los  Angeles 
330  DeNeve  Drive 


Sponsored  by  the  US  Army  Research  Office 


1 


..  ■%»!  . 

-  •  ■  ' 


1 


ARO  Nanostructure  Workdiop 
Univen^y  ot  California,  Los  Ani^les 
Griffin  Conunons,  Sunset  Village 
Los  Angeles,  CA  90Q24 


Program 

August  13,  1992  (Thursday) 
1:00  -  5:00  p.m.  Registration/Check-In 

5:00  •>  7:00  p.m.  Dinner  -  Rieber  Hall  Dining  Room 


August  14,  1992  (Friday) 

Study  Lounge  Room,  Second  Floor 


7:00  -  8:00  a.m.  Breakfast  -  Rieber  Hall  Dining  Room 
8:15  a.m.  Introduction:  Dr.  John  Zavada 


8:30  a.m. 


9:15  a.m. 


10:00  a.m. 


Al.  Nanoelectronics:  Past.  Present,  and  Future 
Robert  T.  Bate,  Texas  Instruments  (Retired) 

A2.  Nanostructures  for  Microelectronics  and  Integrated 
Optoelectronics:  Hov  to  Insert  Nanoscale  without  Gina  $$ 
Richard  Higgins,  Georgia  Institute  of  Technology 

BREAK 


10:30  a.m. 


11:00  a.m. 


11:30  a.m. 


Bl.  Light-Emitting  Properties  of  Porous  Silicon 
Joe  C.  Campbell  and  Dim-Lee  Kwong,  Microelectronics 
Research  Center,  University  of  Texas  at  Austin 

B2.  Fabrication  of  Si  Nanostructures  for  Light  Emission 
Study 

H.I.  Liu,  N.I.  Maluf,  R.F.W.  Pease,  Stanford  Solid  State 
Lab,  Stanford  University 

B3.  Effect  of  Doping  on  Photoluminescence  in  Porous 
Silicon  Nanostructures 

Andrew  J.  Steckl,  J.  Xu,  and  H.C.  Mogul,  Nanoelectronics 
Laboratory,  University  of  Cincinnati 


12:00  -  1:00  p.m. 


LUNCH  -  Rieber  Hall  Dining  Room 
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1:00  p.m. 


1:30  p.m. 


2:00  p.m. 


2:30  p.m. 
3:00  p.m. 


3:30  p.m. 


4:00  p.m. 


4:30  p.m. 


5:00  p.m. 


5:30  p.m. 


Cl.  NNF  Lithography  Technologies  for  Nanoscale 
Optoelectronics 

J.M.  Ballantyne,  School  of  Electrical  Engineering, 

Cornell  University 

C2.  X-ray  Nanolithoaraphv  for  Optoelectronic  Integrated 
Circuits 

Henry  I.  Smith,  Dept,  of  ECE,  MIT 

C3 .  Field  Ion  Emission  of  Silicon  Adatoms  from  Different 
Sites  of  Si f 111^  7x7  bv  STM 

H.  Uchida,  D.R.  Huang,  F.  Gray,  and  Masakazu  Aono, 

Surface  and  Interface  Laboratory,  RIKEN  Institute, 
Saitama,  Japan 

BREAK 

Dl.  Integration  of  STM-Based  Nanofabrication/ 
Characterization  and  Electronics  Device  Processing 
John  A.  Dagata  and  W.  F.  Tseng,  NIST,  Gaithersburg, 
Madison 

D2.  Fabrication  and  Characterization  of  Metal- 
Semiconductor  Nanostructures 

Dror  Sarid  and  S.  Howells,  Optical  Science  Center, 
University  of  Arizona  at  Tuscon 

D3.  Atomic  Laver  Epitaxy  for  Nanostructures 

Salah  M.  Bedair,  ECE  Dept. ,  No.  Carolina  State  University 

D4.  In-Situ  Growth  Controlled  Approaches  to 
Semiconductor  Nanostructures:  An  Assessment 
Anupam  Madhukar,  Photonic  Materials  &  Devices  Laboratory, 
use 


D5.  Mesoscopic  Band  Gap  Engineering  in  Quantum  Well 
Structures  bv  Molecular  Beam  Epitaxv-Focused  Ion  Beam  In 
Situ  Processing 

Pierre  Petroff ,  Materials  Dept. ,  UC,  Santa  Barbara 

D6.  Silicon  Germanium  Superlattices  and  Meso  Structures 
Kang  L.  Wang,  Electrical  Engineering  Dept.,  UCLA 


6:00  -  6:30  p.m. 


6:30  -  8:00  p.m. 


COCKTAILS/  RECEPTION  (Terrace  -  Third  Floor) 
DINNER  (Terrace  -  Third  Floor) 


August  15,  1992  (Saturday) 

West  Coast  Conference  Room,  Third  Floor 


7:00  - 
8:30  a 

9:00  a 

9:30  a 

10:00 

10:30 

11:00 

11:20 

11:40 

12:00 


8:00  a.m.  Breakfast  >  Rieber  Hall  Dining  Room 


.m.  El.  Serpentine  Superlattice  Quantum  Wires — Growth  and 

Optical  Properties 

James  L.  Mars,  Dept,  of  ECE,  UC,  Santa  Barbara 


.m.  E2.  Ferroelectronic  Thin  Films  Based  Devices  and 

Structures  in  Optoelectronic  Computing  System 
Volkan  H.  Ozgus,  ECE  Dept.,  UC,  San  Diego 

.m.  E3.  Atomic  Asperity  Tunnel  Junction  Devices 

Steve  Gregory,  Physics  Dept. ,  University  of  Oregon 

a.m.  BREAK 

-11:00  a.m.  Short  Unscheduled  Talks 


-11:20  a.m. 
-11:40  a.m. 
-12:00  a.m. 


FI.  Report  on  Si  Workshop  by  Joe  C.  Campbell 
F2.  Report  on  ALE  Conference  by  Salah  Bedair 
F3.  Report  on  Santa  Barbara  Workshop  by  Louis  Lome 

Closing  Remarks 
by  John  Zavada 


-  1:00  p.m.  LUNCH,  Rieber  Hall  Dining  Room 


Nanoelectronics:  Past,  Present,  and  Future 

Robert  T.  Bate 

Texas  Instruments  (retired) 

1000  E.  Campbell  Rd.,  Suite  110 
Richardson,  TX  75081-9664 

Abstract 

The  major  driving  force  behind  the  progress  in  electronic  systems  and  the 
continuing  pervasiveness  of  integrated  circuits  has  been  the  ability  to  downscale 
minimum  feature  sizes.  This  had  permitted  the  cost,  size,  and  power  dissipation  of 
integrated  circuits  to  remain  relatively  constant  while  their  functionality  has 
increased  by  many  orders  of  magnitude.  Anticipated  physical  limitations  indicate 
that  this  trend  cannot  continue  beyond  the  end  of  the  century,  unless  a  revolutionary 
technology  permits  downscaling  to  continue. 

In  response  to  this  need,  a  potential  IC  technology  employing  nanoscale 
tunneling  devices  in  limited  interconnect  architectures  is  being  developed  at  Texas 
Instruments  and  elsewhere.  In  this  talk,  I  will  review  the  history  of  this  activity,  with 
emphasis  on  how  the  constraints  dictate  the  choices  of  technology,  discuss  the 
current  status,  and  project  progress  over  the  next  decade,  concluding  with  some 
suggestions  concerning  systems  which  this  technology  may  enable. 

Since  individual  devices  in  this  scheme  will  be  10  -  50  times  smaller  than  the 
wavelength  of  light,  one  might  be  tempted  to  conclude  that  optics  has  no  role  to  play 
in  it.  To  the  contrary,  I  will  show  that  optical  techniques  may  provide  the  solutions 
to  two  difficult  problems;  synchronization  and  enabling  the  programming  mode. 

Probably  one  of  the  most  important  considerations  is  temperature  of 
operation.  Present  military  integrated  circuits  function  up  to  125C.  However  it  is 
not  clear  that  all  classes  of  quantum  devices  can  ever  meet  this  requirement.  The 


« 

need  for  significant  additional  cooling  capacity  for  quantum  devices  would  negate 
the  cost  advantages  of  increased  functional  density. 

In  order  to  keep  the  cost  of  integrated  circuits  from  rising  substantially  while 
downscaling  continues,  it  would  appear  necessary  to  use,  insofar  as  is  possible,  the 
manufacturing  facilities  already  in  place  when  the  current  technology  matures  to 
manufacture  the  new  circuits.  Since  these  are  based  on  silicon  technology,  a  silicon- 
based  quantum  device  technology  would  have  a  much  greater  chance  of  success  in 
supplanting  the  mature  technology.  Thus,  a  successful  effort  to  develop  a  silicon- 
based  non-equilibrium  quantum  device  technology  would  substantially  improve  the 
outlook  for  a  "post-shrink"  generation  of  quantum  integrated  circuits. 


Nanoscale  Structures  for  Microelectronics  and  Integrated  Optoelectronics: 

Nanoscale  without  GigadoUars 

T.  J.  Drabik,  R.  J.  Higgins,  and  K.  P.  Martin 

School  of  Electrical  Engineering  and  Microelectronics  Research  Center 
Georgia  Institute  of  Technology 
Atlanta,  Georgia 

Abstract 

Nanometer-scale  control  of  critical  dimensions  has  resulted  in  real 
opto/electronic  and  photonic  devices  with  novel  properties  based  on  quantum  and 
classical  mechanisms.  This  has  extended  the  interests  of  university-based 
microelectronics  research  centers  (MRCs)  into  the  nanometer  regime.  This  talk 
will  briefly  describe  some  of  the  areas  being  studied  at  the  Georgia  Tech  MRC  that 
involve  nanometer  scale  structures.  These  include:  [1]  electron  wave  optical  devices 
described  by  analogies  with  dielectric  thin  film  filters,  [2]  coulomb  blockade  effect 
devices  that  exhibit  spatially  and  temporally  correlated  single  electron  charging,  [3] 
ballistic  electron  emission  studies  in  semiconductor  superlattices,  [4]  holographic 
diffraction  elements  for  optical  interconnects  in  massively  parallel  systems,  [5]  large 
area,  nanometer  period  surface  gratings  for  integrated  optics,  [6]  epitaxial  liftoff  for 
incorporating  nanoscale  devices  into  conventional,  more  coarsely  defined 
optoelectronic  circuitry,  and  [7]  damage  free  etching  of  semiconductor  devices.  This 
word  will  be  discussed  in  terms  of  the  modest  additions  to  the  facilities  of  a  MRC 
not  otherwise  concerned  with  nanometer-scale  opto/electronics  and  photonics. 


Bl. 


Light-Emitting  Properties  of  Porous  Silicon 

Joe  C.  Campbell  and  Dim-Lee  Kwong 

Microelectronics  Research  Center 
University  of  Texas 
Austin,  Texas  78712 

Abstract 

Recent  observations  of  efficient,  room-temperature  visible  emission  from  porous 
Si  have  stimulated  extensive  research  activity  because  the  realization  of  practical,  low- 
cost  Si-based  emitters  would  impact  several  key  technologies  including  optoelectronic 
integrated  circuits,  optical  memories  and  logic,  and  advanced  display  systems. 
Indentification  of  the  physical  mechanisms  involved  in  the  luminescence  is,  at  present,  a 
primary  thrust.  The  luminescence  phenomenon  has  been  attributed  to  (1)  quantum-size 
effects  or  (2)  the  formation  of  wide-bandgap  material  such  as  a-SiH  or  j^loxene.  We 
have  characterized  luminescent  porous  Si  using  photoluminescence  (PL),  transmission 
Fourier-transform  spectroscopy,  X-ray  photoelectron  spectroscopy,  atomic  force 
microscopy,  and  transmission  electron  microscopy.  We  have  observed  thermal  and 
photoassisted  degradation  of  the  PL  intensity.  In  both  cases  the  decrease  in  PL 
coincides  with  the  desorption  of  hydrogen  from  the  SiH  su^ace  species.  We  have  also 
observed  that  the  PL  can  be  repetitively  switched  between  "green”  and  "red"  by  changing 
the  composition  of  the  electrolyte  in  which  the  anodized  wafer  is  immersed.  This  change 
in  the  surface  chemistry  does  not  appear  to  alter  the  characteristic  feature  size  of  the 
porous  Si  and  would  appear  to  be  at  odds  to  the  quantum-confinement  explanation  for 
the  luminescence.  Recently,  however,  we  have  found  that  when  the  porous  Si  is 
annealed  in  air  to  temperatures  in  the  range  8(X)'/^C  to  IIOO'AC,  the  luminescence 
returns,  sometimes  to  its  original  strength.  This  effect  has  not  been  fully  explained  byt  a 
likely  mechanism  involves  nanoscale  Si  clusters  imbedded  in  glassy  (SiO  )  she^s.  FTIR 
measurements  show  that  hydrogen  is  not  involved  in  the  luminescence  of  these  wafers 


and  it  is  probable  that  quantum  confinement  is  involved.  These  annealed  wafers  also 
exhibit  a  strong  photoresponse.  We  have  fabricated  A1  Schottky-photodiodes  which 
exhibit  an  absorption  response  similar  to  that  of  single-crystalline  Si.  To  achieve 
electroluminescence  it  may  be  necessary  to  inject  high-energy  carriers  into  the  porous 
layers.  A  viable  method  to  accomplish  this  is  to  utilize  a  wide-bandgap  heterojunction 
injector  such  as  GaP.  Toward  that  end  we  have  formed  porous  Si  buried  underneath 
GaP  islands  without  degrading  the  photoluminescence. 


B2. 

Fabrication  of  Si  Nanostructures  for  Light  Emission  Study 

H.I.  Liu,  N.I.  Maluf,  R.F.W.  Pease 
Stanford  Solid  State  Lab,  Stanford,  CA 

D.K.  Biegelsen,  N.M.  Johnson,  F.A.  Ponce 
Xerox  PARC,  Palo  Alto,  CA 

Abstract 

The  recent  observation  of  room  temperature  visible  photoluminescence 
[Canham,  Appl.  Phys.  Lett.  57,  1046  (1990)]  and  electroluminescence  [Koshida  and 
Koyama,  Appl.  Phys.  Lett.  60,  347  (1992)]  from  electrochemically  etched  porous  silicon 
has  rekindled  interest  in  the  potential  of  using  silicon  as  an  optical  material.  In  addition,  it 
raises  many  fundamental  questions  regarding  the  possibility  of  the  luminescence 
originating  from  the  sub-5  nm  silicon  crystallites  in  porous  silicon.  However,  because  of 
the  problems  associated  with  the  size  distribution  and  control  of  structures  in  porous 
silicon,  many  aspects  of  this  material  are  not  understood,  and  a  consistent  model  has 
yet  to  be  found.  Therefore,  to  explore  the  potential  of  electron  confinement  induced 
radiative  transitions  in  silicon,  it  is  essential  to  study  the  intrinsic  properties  of  well 
characterizable  silicon  nanostructures. 

To  this  end,  we  have  fabricated  silicon  columnar  structures  with  diameters  less 
than  5  nm  using  a  combination  of  high  resolution  electron  beam  lithography,  reactive  ion 
etching,  and  thermal  oxidation.  A  transmission  electron  microscopy  (TEM)  technique 
was  developed  to  track  the  evolution  of  individual  quantum  wires.  Among  the  various 
interesting  oxidation  phenomena  are  the  non-monotonic  oxidation  rale  with  respect  to 
the  column  size  and  an  unexpectedly  slow  change  of  the  outer  diameters  of  the  oxidized 
columns.  Because  of  the  close  relationship  between  the  structural  configuration  and  the 
electronic  band  structure  of  silicon,  unveiling  the  mechanisms  responsible  for  these 
unusual  oxidation  phenomena  is  important  in  understanding  the  optical  and  electrical 
properties  of  silicon  nanostructures.  Moreover,  this  could  also  contribute  to  the  effort  in 


analyzing  the  oxidation  of  small  trench  and  isolated  silicon  structures  used  in  current  and 
future  VLSI  technology. 

In  this  presentation,  details  regarding  the  fabrication  of  the  silicon  nanostructures 
and  the  TEM  technique  used  to  monitor  their  oxidation  progress  will  be  described 
Moreover,  the  likely  oxidation  mechanisms  and  the  photoluminescence  results  will  be 
discussed.  The  current  effort  to  obtain  electrical  contacts  to  the  nano-pillars  will  also  be 
presented. 


B3. 


Effect  of  Doping  on  Photoluminescence  in  Porous  Silicon  Nanostructures 

A.  J.  SteckI,  J.  Xu  and  H.  C.  Mogul 
Nanoelectronics  Laboratory 
University  of  Cincinnati 
Cincinnati,  Ohio 
45221-0030 


Recent  developments  [1,2]  have  indicated  that  so-caJicd  porous  Si  with  nanometer-scale 
structure  produces  a  surprising  photoluminescence  (PL)  under  ultra-violet  (UV) 
excitation.  The  PL,  observable  at  300“K  with  the  naked  eye  at  orange-red  wavelengths 
(~600-750nm),  corresponds  to  energies  considerably  greater  (-'1.6-2.0eV)  than  the 
bandgap  of  crystalline  Si  (l.leV).  Two  basic  mechanisms  for  this  effect  have  been 
propos^  :  charge  carrier  quantum  confinement  in  the  porous  Si  skeleton  or  molecular 
bonding  of  Si,  H  and  O  atoms  in  the  porous  Si  layer. 

In  order  to  identify  the  primary  mechanism  responsible  for  photocmission  we  need  to 
compare  nanostructures  of  well-defined  dimensions  in  isolated  regions  which  are 
fabricated  in  conventional  Si  and  porous  Si.  We  have  previously  reported  [3]  on  the 
fabrication  of  isolated  nanostructures  in  conventional  Si  using  ultra-shallow  focused  ion 
beam  (FIB)  implantation  followed  by  selective  and  c^stallographically  anisotropic 
chemical  etching.  We  are  investigating  the  effect  of  Si  doping  on  the  photocmission 
properties  of  porous  Si.  The  porous  Si  is  obtained  by  purely  chemical  ("stain")  etching. 
We  have  observed  that  an  initiation  time  delay  (ti)  occurs  between  the  insertion  of  the  Si 
into  the  etching  solution  and  the  onset  of  porous  Si  production.  The  accompanvting 
photoemissive  spectrum  exhibits  a  large  signal  in  a  broad  band  centered  at  Tlonm, 
corresponding  to  an  energy  of  l.73eV.  For  p-type  Si,  ti  was  found  to  decrease 
significantly  with  increasing  doping  level  of  the  substrate.  This  effect  is  consistent  with 
the  basic  Si  etching  mechanism  which  is  controlled  by  the  concentration  of  holes  at  the 
etching  surface.  We  have  used  this  doping  dependence  effect  to  obtain  selective  area 
photoemission  in  porous  Si.  Localized  37keV  B"*"  broad  beam  ion  implantation  and  5- 
15keV  Ga"^  focused  ion  beam  implantation  into  n-type  Si  followed  by  rapid  thermal 
annealing  resulted  in  selective  porous  Si  formation  in  the  implanted  regions  during  stain 
etching.  Upon  UV  excitation,  photoemission  from  the  implanted  re^ons  only  was  clearly 
observable.  It  is  interesting  to  point  out  that  at  the  low  implantation  energies  used,  the 
37keV  B+  and,  especially,  the  5keV  Ga+  ions  have  very  shallow  penetration  depths  of 
130  and  8  nm,  respectively.  It  can  be,  therefore,  concluded  that  nanometer-thin  doped 
layers  arc  sufficient  for  providing  area  selectivity  in  porous  Si  formation  and  localized 
photocmission. 

[1]  L.  T.  Canham,  Appl.  Phys,  Lett.,  2L  1046  (1990). 

[2]  Papers  contained  in  "  Light  Emission  from  Si ",  Mat.  Res.  Soc.  Symp.  Proc.  25^. 
S.  S.  Iyer,  R.  T.  Collins  and  L.  T,  Canham,  eds.  (Dec.  1991). 

A.J.  SteckI,  H.C.  Mogul  and  S.  Mogren,  Appl.  Phys.  Lett.,  6Q.  1833  (April 
1992). 


[3] 


Cl. 


NNF  Lithography  Technologies  for 
Nanoscale  Optoelectronics 

J.M.  Ballantyne 


School  of  Electrical  Engineering 
Cornell  University 

Abstract 

Progress  in  nanolithography  processing  technologies  at  the  National 
Nanofabrication  Facility  (NNF)  at  Cornell  now  makes  possible  the  reproducible 
fabrication  of  optical  structures  in  rather  arbitrary  geometries  with  feature  size  of  order 
100  nm  along  with  accuracy  and  roughness  of  order  10  nm.  The  range  of  techniques 
includes  reactive  ion  and  chemically  assisted  ion  beam  etching,  various  masking 
materials  and  etch  gases,  together  with  binary  lenses,  curved  and  linear  phase  gratings, 
and  curved  and  straight  waveguides  in  combination  with  etched  mirrors.  Examples  of 
those  structures  and  their  processes  are  described,  with  particular  emphasis  on  some 
process  combinations  and  recent  innovations  most  useful  for  fabricating  in  III/V 
compounds  combinations  of  ridge  waveguides  and  etched  mirrors.  The  properties  of 
wavelength  diode  ring  lasers  utilizing  these  structures  are  briefly  described,  including  the 
potential  for  geometry-dependent  non-reciprocal  optical  structures. 


C2. 

X'Ray  Nanolithography  for  Optoelectronic  Integrated  Circuits 

Henry  I.  Smith 

Department  of  Electrical  Engineering  and  Computer  Science 
Massachusetts  Institute  of  Technology 
Cambridge,  MA  02139 

Abstract 

Future  optoelectronic  integrated  circuits  (OEIC)  will  require  minimum  features  of 
lOOnm  and  below,  often  arranged  in  periodic  arrays,  with  positional  tolerances  much 
finer  than  optical  wavelengths.  Moreover,  substrates  will  have  significant  topography.  In 
the  past,  gratings  for  DFB  lasers  and  filters  were  fabricated  using  holographic 
lithography  or  e-beam  lithography.  The  former  is  too  inflexible  for  OEIC  manufacturing. 
E-beam,  on  the  other  hand,  is  too  slow  for  manufacturing,  has  difficulty  dealing  with 
substrate  topography,  suffers  from  problems  due  to  electron  backscattering,  and 
requires  special  provisions  to  ensure  pattern  placement  accuracy.  That  is,  the  scan  field 
of  an  e-beam  system  is  normally  distorted,  and  placement  accuracy  is  inadequate.  For 
several  years  we  have  been  developing  a  lithographic  technique  that  is  compatible  with 
manufacturing  at  feature  sizes  below  100  nm,  and  that  circumvents  the  problems  of 
direct  write  e-beam  lithography.  The  technique  is  called  x-ray  nanolithography.  It  is 
capapble  of  30  nm  resolution  over  30mm-diameter  fields,  essentially  free  of  distortion, 
and  can  pattern  over  topography  without  backscattering  or  proximity  effects.  We  will 
report  on  our  efforts  to  make  x-ray  masks  that  contain  patterns  with  spatial-phase  fidelity 
for  DFB  lasers  and  channel-dropping  filters;  our  progress  on  sub- 10  nm  mask  alignment; 
and  assert  that  this  technology  is  compatible  with  requirements  for  OEIC  manufacturing. 


Field  Ion  Emission  of  Silicon  Adatoms  from  Different  Sites  of  Si(lll)  7x7  by  STM 


H.  Uchida*,  D.  H.  Huang*,  F.  Grey*,  and  M.  Aono*,** 

*Aono  Atomcraft  Project,  ERATO,  JRDC,  Japan 
**RIKEN  Institute,  Wako,  Saitama  351,  Japan 

Abstract 

Using  a  scanning  tunneling  microscope  (STM),  single  adatoms  can  be 
extracted  from  a  Si(l  1 1)  7x7  surface  by  field  ion  emission,  when  the  sample  voltage 
is  pulsed  at  6V  in  either  polarity.  Statistically,  adatoms  at  the  center  of  the  7x7  unit 
cell  are  found  to  be  more  easily  removed  than  those  near  the  comer  holes,  by  a  ratio 
of  about  3:2.  This  difference  can  be  explained  by  an  about  0.01  eV  lower  activation 
energy  for  field  ion  emission  at  the  center  adatom  site.  The  relationship  of  this 
result  to  previous  observations  of  enhanced  chemical  reactivity  at  center  adatom 
sites  is  discussed. 


Dl. 

IntegratioD  of  STM-Based  Nanofabrication/Characterization  and 
Electronics  Device  Processing 

John  A.  Dagata  and  Wen  F.  Tseng 

National  Institute  of  Standards  and  Technology 
Gaithersburg,  MD  20899 

Abstract 

The  emerging  field  of  nanoelectronics  will  soon  demand  innovative  methods  for 
the  fabrication  and  characterization  of  nanometer-scale  structures.  For  such  structures 
to  exhibit  quantum-confined  behavior  in  a  manner  which  will  be  sufficiently  reliable  and 
reproducible  to  carry  out  a  serious  investigation  of  room  temperature  quantum  device 
physics,  it  is  already  clear  that  the  electrical,  chemical,  and  structural  properties  of  the 
surface  and  interface  of  these  nanostructures  must  be  measured  and  controlled  with 
unprecedented  precision  in  both  lateral  and  vertical  dimensions.  In  our  talk,  we  will 
describe  collaborative  efforts  at  NIST  to  develop  an  integrated  approach  to  nanometer- 
scale  fabrication  and  characterization  of  III-V  semiconductor  structures  using 
STM/MBE/RIE.  In  addition  to  reviewing  our  results  for  nanometer-scale  STM  pattern 
generation  and  pattern  development  of  ultrathin  oxide  masks  on  silicon  and  GaAs,  novel 
methods  of  GaAs  surface  passivation  and  etch-damage  repair,  and  STM-based  I-V 
spectroscopy  of  III-V  alloys  under  ambient  conditions,  we  will  discuss  the  implementation 
of  these  elements  in  the  fabrication  of  quantum  dots  and  other  simple  device  structures 
and  the  outstanding  problems  which  remain  to  be  solved. 


D2. 

Fabrication  and  Characterization  of  Metal-Semiconductor 

Nanostructures 

Dror  Sarid  and  Sam  Howells 

Optical  Sciences  Center 
University  of  Arizona.  Tuscon  A2  85721 

Abstract 

Nanoscale  metal  structures  fabricated  on  semiconductor  surfaces  by  a  scanning 
tunneling  microscope  (STM)  are  of  interest  because  they  exhibit  a  multitude  of 
phenomena  that  offer  technological  opportunities  The  unique  feature  of  these  clusters 
derive  from  their  size  which  makes  their  behavior  fall  in  between  that  of  a  single  metal 
atom  and  that  of  a  metal  film.  We  present  experimental  results  were  the  degree  of 
metallicity  of  nanoscale  metal  clusters  fabricated  on  semiconductor  surfaces  was  probed 
using  STM  and  laser  excitation. 

1.  D.  Sarid,  T.D.  Henson,  N.R.  Armstrong  and  LS.  Bell,  Appl.  Phys.  Lett.  52,  2252 
(1988). 

2.  T.D.  Henson,  D.  Sarid  and  L.S.  Bell,  J.  Microscopy  ^ 52,  467  (1988). 

3.  P.N.  First,  J.A.  Strode,  H.A.  Dragoset,  D.T.  Pierce  and  R.J.  Celotta,  Phys.  Rev.  Lett. 
63,  1416  (1989). 

4.  H.J.  Mamin,  P.H.  Guethener  and  D.  Rugar,  Phys.  Rev.  Lett.  65,  2418  (1990). 


D3. 


Atomic  Layer  Epitaxy  for  Nanostructures 
S.  M.  Bedair 


Electrical  and  Computer  Engineering  Department 
North  Carolina  State  University 
Raleigh,  North  Carolina 

Abstract 

Atomic  layer  epitaxy  offers  the  ultimate  control  of  the  growth  process  for 
semiconductor  films  and  structures.  The  deposition  process  is  self-limiting,  that  is  only 
one  monolayer  is  deposited  per  growth  cycle  independent  of  the  flux  of  the  reactant 
gases.  ALE  is  thus  able  to  offer  exact  control  of  layer  thickness  and  uniformity  and 
provide  very  abrupt  interfaces.  Such  features  are  critical  in  the  fabrication  process  of 
nanostructures  such  as  quantum  wells  and  quantum  wires. 

ALE  is  characterized  by  the  conformal  growth,  and  side  wall  epitaxy  on  nonvicinal 
planes  and  etched  groves  and  structures.  Another  potential  of  ALE  is  its  ability  to 
achieve  highly  ordered  ternary  alloys  with  bandgap  much  smaller  than  their  random 
counterpart.  Combining  the  conformal  ALE  growth  with  the  synthesis  of  ordered  ternary 
alloys  can  allow  both  lateral  and  vertical  carrier  confinements.  We  will  outline  several 
unique  features  of  the  ALE  process  and  their  impact  on  the  fabrication  of  nanostructures. 


D4. 

In-Situ  Growth  Controlled  Approaches  to  Semiconductor 
Nanostructures:  An  Assessment 

Anupam  Madhukar 

Photonic  Materials  &  Devices  Laboratory 
Department  of  Materials  Science  &  Engineering 
University  of  Southern  California 

Abstract 

Broadly  categorized,  two  generic  approaches  to  the  realization  of  2-  and  3- 
dimensional  arrays  of  2-  and  3-dimensionaIly  confined  nanostructures  are  (1)  post¬ 
growth  patterning  and  etching  of  appropriate,  as-grown,  1 -dimensionally  confined 
structures  or  (2)  in-situ  creation  via  growth  control  on  vicinal  or  pre-pattemed  (planar  or 
non-planar)  substrates  with  pattern  sizes  larger  than  the  nanostructure  length  scales.  A 
primary  anticipated  advantage  of  the  latter  approach  is  that,  in  principle,  it  circumvents 
issues  relating  to  the  pattern  transfer/etching  induced  damage  and  contamination  faced 
in  the  former.  However,  equally  serious  issues  relating  to  control,  uniformity, 
reproducibility  of  the  growth  conditions,  and  identification  of  the  needed  growth  kinetics 
are  faced  by  in-siiu  growth  controlled  approaches.  In  this  presentation  we  will  elucidate 
some  of  these  serious  issues  and  approaches  to  reproducibly  achieving  the  desired 
growth  kinetics.  A  particular  emphasis  will  be  on  distinguishing  between  intrinsic  limits 
versus  extrinsic  limits  (such  as,  e.g.  imposed  by  the  design  of  the  present  day  molecular 
beam  epitaxical  growth  chambers).  Specifically,  examples  from  the  work  at  USC  on 
growth  on  patterned  (100),  (111),  and  (hi  1)  (h  =  1)  surfaces  will  be  used  to  illustrate  both 
the  commonality  of  fundamental  principles  of  growth  kinetics  as  well  as  differing 
consequences  between  orientations  and/or  growth  conditions.  In  particular  the 
significance  of  surface  crystallographic  symmetry  in  permitting  2-D  confinement  (i.e. 
quantum  wires)  versus  3-D  confinement  (i.e.  quantum  boxes)  will  be  illustrated  through 
the  example  of  the  USC  work  which,  for  the  first  time,  has  led  to  realization  of  3-D 
confined  structures  via  purely  in-situ  growth  control  on  non-planar  prepattemed  (lll)B 


surfaces.  Time  permitting,  issues  of  throughput  and  scalability  will  also  be  commented 


D5. 

Mesoscopic  Band  Gap  Engineering  and  Quantum  Well  Structures  By  Molecular 
Beam  Epitaxy  -  Focused  Ion  Beam  In  Situ  Processing 

P.  M.  Petroff 

Materials  Department 
University  of  California,  Santa  Barbara 
Santa  Barbara,  CA  93106 

Abstract 

We  introduce  several  methods  based  on  the  use  of  ion  implantation  using  a 
foucsed  ion  beam  (FIB)  for  producing  either  band  bending  or  band  gap  modulation 
on  a  mesoscopic  scale  in  III-V  compound  semiconductors.  We  apply  these 
techniques  to  the  in  situ  fabrication  of  ultra  small  channel  quantum  devices.  The 
fundamental  radiation  damage  processes  involve  in  in  situ  MBE-FIB  processing  will 
be  reviewed.  We  show  that  by  ion  induced  enhanced  interdiffusion  and  ion  defined 
buried  stressors,  a  blue  shift  or  a  red  shift  of  the  band  gap  (up  to  1(X)  mev)  can 
respectively  be  obtained  in  GaAs-AlGaAs  quantum  well  structures.  Modulation 
doping  of  heterostructures  using  Si+  ions  is  also  demonstrated.  The  characteristics 
of  an  inverted  MODFET  and  of  a  novel  resonant  tunneling  device  fabricated  by  this 
in  situ  processing  will  be  presented. 


D.6. 

Silicon  Germanium  Supertattlces  and  Meso  Structures 


Kang  L.  Wang 

Department  of  Electrical  Engineering 
University  of  California,  Los  Angeles 
Los  Angeles,  CA  90024-1 594 


Recent  progress  in  the  growth  of  pseudomorphic  strained  and  controlled  relaxed 
SiGe  films  makes  it  possible  the  realization  of  many  advanced  heterojunction 
devices.  Among  them,  there  are  heterojunction  bipolars,  modulation  doped 
transistors,  and  more  recently  multiple  quantum  wells  and  superlattices.  In  this 
talk,  we  will  review  the  state  of  the  art  in  the  growth  of  the  compositional  and 
doping  multiple  quantum  wells  and  superlattices.  The  optical  properties  of  the 
quantum  wells  and  superlattices  and  their  potential  optoelectronics  application 
will  be  discussed.  Using  strain  engineering,  the  Stark  effect  for  both  inter-band 
and  the  intersubband  transitions  can  be  made  to  be  much  larger  than  that  of 
type-1  AIQaAs/GaAs  structures.  SiGe  quantum  wells  offer  are  many  advantages. 
Among  them  are  the  convenience  of  energy  tuning  and  process  control  as  well 
as  potential  affordable  cost.  Owing  to  the  unique  features  of  the  band  structure, 
more  significantly,  several  normal  incidence  detection  mechanisms  will  be 
illustrated  for  intersubband  transition;  namely,  from  nonvanishing  off-  diagonal 
elements  of  the  effective  mass  tensor  in  n-type,  free  carrier  absorption,  and 
intervalence  band  transition  for  p-type.  These  mechanisms  alleviate  the  major 
drawback  of  the  selection  rule  of  the  T  valley  intersubband  transition,  which 
forbids  the  detection  of  normal  incident  light,  as  in  the  case  of  AIGaAs/GaAs 
multiple  quantum  well  structures.  The  experimental  observation  of  normal 
incident  intersubband  transition  in  SiGe/Si  quantum  wells  and  5-doped  Si  layers 
will  be  discussed,  in  the  case  of  SiGe,  the  effect  of  the  strain  in  determining  the 
occupancy  of  the  valleys  will  be  described.  The  importance  of  many-body 
effects  in  determination  of  transition  energy  of  very  heavily  doped  structures  and 
5-doped  layers,  will  also  be  shown  for  tuning  a  wide  range  of  transition  energy 
(from  pm  to  tens  of  pm  and  perhaps  longer).  Infrared  detector  structures  using 
SiGe/Si  multiple  quantum  well  structures  will  be  illustrated  using  such  structures. 
Finally,  the  use  of  meso  structures  as  potential  wire  detectors  and  possible  laser 
sources  will  be  discussed. 


El. 


Serpentine  Superlattice  Quantum-Wires 
—  Growth  and  Optical  Properties 

J.  L.  Merz 

University  of  California 
Santa  Barbara,  CA  93106 

Abstract 


The  growth  of  AlAs/GaAs  tilted  superlattices  (TSL)  on  GaAs  (100)  vicinal 
substrates  has  provided  a  promising  way  to  fabricate  quantum  wire  arrays  with  a  lateral 
width  of  just  a  few  nm.  However,  there  are  two  problems  with  this  approach:  (1)  the 
thermodynamic  and  kinetic  difficulty  of  having  the  A1  incorporate  only  at  the  step  edge, 
resulting  in  incomplete  segregation,  and  (2)  the  fact  that  the  tilt  angle  is  not  a  well- 
controlled  parameter,  which  changes  the  electronic  confinement  energy.  Recently  we 
have  presented  a  way  to  avoid  this  problem  by  purposely  changing  the  tilt  angle  to 
achieve  a  crescent-shaped  well,  the  resulting  "serpentine  superlattice"  (SSL) 
accommodates  the  geometric  sensitivity  to  absolute  growth  rates.  In  this  paper  we 
present  a  detailed  luminescence  study  of  a  SSL,  and  report  the  first  observation  of  linear 
polarization  effects  both  in  PL  and  PLE.  The  polarization  dependence  of  the  emission 
has  been  measured  with  a  photo-elastic  modulation  technique,  showing  a  pronounced 
anisotropy  in  both  PL  and  PLE  due  to  the  alteral  confinement.  It  is  found  that  about  30% 
of  the  A1  intended  for  the  barrier  ends  up  in  the  well.  The  polarization  of  the  PL  is  found 
to  be  nearly  constant  over  large  areas  of  the  wafer  indicating  uniform  quantum  wire 


states. 


E2. 

Ferroelectronic  Hiin  Films  Based  Devices  and  Structures 
in  OptoelectroDic  Computing  System 

V.  H.  Ozguz 

University  of  California,  San  Diego 
Electrical  and  Computer  Engineering  Department 
La  Jolla,  CA  92093-0407 

Abstract 

The  role  of  ferroelectric  thin  film  in  the  realization  of  components  for 
optoelectronic  computer  systems  is  considered.  System,  device  and  material 
interactions  are  discussed.  Optoelectronic  components  considered  are  smart  spatial 
light  modulators  and  holographic  storage  modules.  Material  and  device  development 
efforts  based  on  PLZT,  KTN  and  SBN  films  for  these  modules  are  presented.  Future 
developments  and  applications  are  outlined. 


E3. 


Atomic  Asperity  Tunnel  Junction  Devices 
Steve  Gregory 


Physics  Department,  University  of  Oregon 
Eugene,  OR  97403-1274 

Abstract 

As  is  well-known  in  connection  with  scanning  tunneling  microscopy,  tunneling 
currents  can  be  confined  to  regions  of  atomic  scale  in  junctions  formed  between 
"asperities"  on  the  tunneling  electrodes.  These  asperities  define  the  distance  of  closest 
approach  of  the  the  electrodes  and,  at  present,  occur  naturally.  Although  lithographic 
techniques  are  incapable  of  defining  junctions  on  the  truly  atomic  scale  there  are, 
nonetheless,  reasons  for  attempting  to  microfabricate  them.  Molecular  self  assembly 
might  hold  some  promise  in  this  regard. 

Confinement  of  the  tunnel  current  leads  to  the  possibility  of  greatly  increasing  the 
interaction  of  tunneling  electrons  with  scatterers  within  the  junction.  A  single  scattering 
entity  can,  in  fact,  control  the  junction  conductance.  I  shall  discuss  instances  in  which 
the  conductance  shows  clear  evidence  of  the  presence  of  a  single  scatterer.  The 
"crossed-wire"  geometry  used  in  the  experiments  can  be  adapted  for  photonic  control  of 
electron  tunneling  using  optical  fibers  coated  with  optically  thin  metallic  films  and 
depositing  a  suitable  film  to  act  as  the  tunnel-barrier  material. 


A  Resonant  Tunneling  Metal  Base  Hot  Electon  Transistor 

Mark  V.  Wcckwerth 

Stanford  University 
Stamford,  CA  94305 

Abstract 

Recent  work  has  demonstrated  single  crystal  epitaxial  growth  of  aluminum 
on  aluminum  arsenide  as  well  as  crystalline  growth  of  aluminum  arsenide  on  top  of 
aluminum.  A  well  behaved  metal/semiconductor  system  opens  the  door  towards  a 
functional  metal  base  hot  electron  transistor.  A  novel  transistor  composed  of  a 
gallium  arsenide/aluminum  arsenide  resonant  tunneling  emitter,  an  aluminum  base 
and  collector,  and  a  gallium  arsenide  collector  barrier  is  proposed  as  a  realizable 
hot  electron  transistor. 

The  high  speed  of  this  device  is  assured  by  the  small  dimensions  of  the 
transport  region  (100-200  angstrom  base  and  3(X)-400  angstrom  collector  barrier), 
the  absence  of  minority  carrier  injection,  and  the  low  resistance  of  the  aluminum 
base.  A  high  electron  transport  factor  from  emitter  to  collector  (and  thus  high  gain) 
can  be  achieved  by  exploiting  a  combination  of  the  narrow  energy  distribution  of  the 
electrons  injected  by  the  resonant  tunneling  emitter  and  the  low  reflection  of  these 
hot  electrons  at  the  base/collector  barrier  interface  due  to  resonances  over  the 
collector  barrier.  Room  temperature,  of  near  room  temperature  operation  of  such  a 
device  should  be  achievable  because  of  the  large  thermionic  Al/GaAs/Al  collector 
barrier. 

Although  easily  fabricated  once  grown,  problems  experienced  during  growth 
will  be  addressed;  specifically  those  issues  addressing  incompatible  growth 
conditions  for  aluminum  and  GaAs.  The  use  of  migration  enhanced  epitaxy  for  low 
temperature  growth  of  gallium  arsenide  has  been  employed  to  avoid  the  problems 


of  aluminum  faceting  and  diffusion.  The  device  as  proposed  lakes  advantage  of 
Al/GaAs/AlAs  system,  yet  attempts  to  avoid  problems  associated  with  the  lower 
quality  GaAs  on  Al. 
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DIRECTOR,  MICROELECTRONICS  RESEARCH  CENTER  FAX  9410 

GEORGIA  INSTITUTE  OF  TECHNOLOGY/PETTIT  BUILDING 
791  ATLANTIC  DRIVE,  NV 
ATLANTA,  GA  30332-0269 


MAJOR  BRUCE  D.  JETTE  908-544-5070 

US  ARMY  ELECTRONIC  TECHNOLOGIES  6  DEVICES  LAB  FAX  2899 

ATTN:  SLCET 
FT.  MONMOUTH,  NJ  07703 


DR.  GAMANI  KARUNASIRI 
UNIVERSITY  OF  CALIFORNIA,  LOS  ANGELES 
ELECTRICAL  ENGINEERING  DEPARTMENT 
66-127G,  ENGINEERING  IV  BUILDING 
LOS  ANGELES,  CA  90024-1594 


310-206-7987 
FAX  206-8495 


PROF.  SING  H.  LEE 

DEPARTMENT  OF  ELECTRICAL  ENGINEERING 
UC-SAN  DIEGO 
9500  GILM2^  DRIVE 
LA  JOLLA,  CA  92093-0407 


619-534-2413 

FAX 


MR.  HARVEY  I.  LIU 
STAMFORD  UNIVERSITY 
STAMFORD  ELECTRONICS  LABORATORIES 
STAMFORD,  CA  94305-4055-1- 


415-723-3113 
FAX  4659 


703-693-1673 
FAX  1695 


PROF.  AMUPAM  MADUKAR 
DEPARTMENT  OF  MATERIALS  SCIENCE 
UNIVERSITY  OF  SOUTHERN  CALIFORNIA 
LOS  ANGELES,  CA  90089-0241 


DR.  LOUIS  LOME 
SDIO,  ISTO 
PENTAGON  ROOM  IE167 
WASHINGTON,  DC  20301-7100 


213-740-4323 
FAX  7797 


404-894-4035 
FAX  453-9410 


DR.  XBVZH  MARTIN 

SCHOOL  OF  BLBCTRICAL  EM6ZNEERINO 

791  ATLANTIC  DRIVE 

GEORGIA  INSTITUTE  OF  TECHNOLOGY 

ATLANTA,  GA  30332 

PROF.  JAMBS  MERE 

DEPARTMENT  OF  ELECTRICAL  ENGINEERING 

UC-SANTA  BARBARA 

SANTA  BARBARA,  CA  93106 

DR.  VOLXAN  OZGU2 

DEPARTMENT  OF  ELECTRICAL  ENGINEERING 
UC-SAN  DIEGO 
9500  OILMAN  DRIVE 
LA  JOLLA,  CA  92093-0407 

PROF.  PIERRE  PETROFF 

DEPARTMENT  OF  ELECTRICAL  ENGINEERING 

UC-SANTA  BARBARA 

SANTA  BARBARA,  CA  93106 

PROF.  DROR  8ARID 
OPTICAL  SCIENCES  CENTER 
UNIVERSITY  OF  ARIZONA 
TUCSON,  AZ  85721 

DR.  GEORGE  SIMONIS 
ARMY  RESEARCH  LABORATORY 
SLCHD-ST-AP,  2800  POWDER  MILL  ROAD 
ADELPHI,  MD  20783 

DR.  DORAN  D.  SMITH 

US  ARMY  RESEARCH  LABORATORY 

SLCET-ED 

FT.  MONMOUTH,  NJ  07703 
PROF.  HENRY  I.  SMITH 

MASSACHUSETTS  INSTITUTE  OF  TECHNOLOGY 
RESEARCH  LABORATORY  OF  ELECTRONICS 
77  MASI^ACHUSETTS  AVE. 

CAMBklD^^E,  MA  02139 

PROF.  ANDREW  STECKL 
UNIVERSITY  OF  CINCINNATI 
899  RHODES  HALL,  ML  30 
CINCINNATI,  OH  45221-0030 

DR.  ROBERT  TREW 
ARMY  RESEARCH  OFFICE 
ELECTRONICS  DIVISION 
PO  BOX  12211 
RTF,  NC  27709 


805-893-8600 
FAX  8170 


619-534-7891 
FAX  1225 


805-893-8256 
FAX  8502 


602-621-4603 
FAX  6995 


3  01-374-2  OS jL 
FAX  2103 


908-544-3524 
FAX  2899 


617-253-6865 
FAX  8509 


513-556-4777 
FAX  7326 


919-549-4243 
FAX  4310 


301-975-5291 
FAX  948-4081 


* 


DR.  WEN  TSENG 

NATIONAL  INSTITUTE  OF  STANDARDS  6  TECHNOLOGY 
BLOG  225  ROOM  A-358 
GAITHERSBURG/  MO  20899 


310-825-1609 
FAX  206-8495 


415-723-4766 
FAX  4659 


919-549-4314 
FAX  4310 

ELECTRONICS  DIVISION 
PO  BOX  12211 
RTF/  NC  27709 


PROF.  KANO  L.  WANG 

UNIVERSITY  OF  CALIFORNIA/  LOS  ANGELES 
ELECTRICAL  ENGINEERING  DEPARTMENT 
66-147B/  ENGINEERING  IV  BUILDING 
LOS  ANGELES/  CA  90024-1594 

MR.  MARX  V.  VECKWERTH 

STANFORD  UNIVERSITY 

STANFORD  ELECTRONICS  LABORATORIES 

128  SEALE  AVENUE 

PALO  ALTO/  CA  94301 

OR.  JOHN  ZAVAOA 
ARMY  RESEARCH  OFFICE 
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